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A B S T R A C T
Background: People with epilepsy are at risk for sudden unexpected death. Cardiac arrhythmia is one
possible mechanism. We have studied seizure-related changes in cardiac rhythm.
Methods: Video-EEG and ECG from 38 patients with epileptic seizures during long-term monitoring for
investigation of partial epilepsy with ictal impairment of consciousness were obtained. Seizures were
classiﬁed as either complex partial or secondarily generalized. Inter-ictal, pre-ictal, ictal and post-ictal
heart rate was calculated for the ﬁrst recorded seizure.
Results: Heart rate during the pre-ictal period was higher (p = 0.016) in patients with secondarily
generalized seizures (n = 11) compared to patients with complex partial seizures (n = 27). Heart rate was
also elevated during and after generalized seizures (p < 0.015). Inter-ictal heart rate was not different in
patients with secondary generalization compared to patients with partial seizures.
Conclusion: We report elevated heart rate prior to partial seizure onset in those attacks which become
secondarily generalized compared to seizures which remain localized. The ﬁnding may be relevant for
the understanding of sudden death in epilepsy.
 2010 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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Various mechanisms may be responsible for sudden unex-
pected death in epilepsy (SUDEP). Cardiac arrhythmia is one of
them.1 Generalized seizures are a risk factor for SUDEP2,3 and ECG
abnormalities are reported to bemore frequent during generalized
compared to non-generalized partial seizures.4 However, it is not
known whether SUDEP primarily is related to the ictal event itself,
to its consequences or to a combined effect of both.
During a seizure, the sympathetic nervous system is activated
as a stress response, and heart rate and blood pressure increase
more during generalized seizures compared to seizures which
remain partial.5 It is also a fact that mental stress alone increases
norephineprine levels and facilitates ventricular arrhythmias in
patients with a preceding history of ventricular tachycardia.6
Whether generalized seizures and ECG abnormalities during
seizures are two independent risk factors for SUDEP may thus
be difﬁcult to ascertain as ECG abnormalities may be induced by
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doi:10.1016/j.seizure.2010.03.003Autonomousmanifestationsmay in different ways be related to
epileptic attacks. They may be part of prodromes and the ictus
itself and they may occur as consequences of seizure activity.
Furthermore, emotional stress is the most frequently reported
seizure-precipitating factor.7
Why some partial onset seizures generalize and others do not is
not well understood. More insight into the mechanisms of
generalization of partial seizures may improve treatment, and
possibly also contribute to a reduced number of SUDEPs. The aim of
this study was to compare seizure-related changes in cardiac
rhythm in partial seizures with and without generalization.
2. Methods
2.1. Subjects
A total of 254 patients were investigated for epilepsy with long-
term (>24 h) continuous EEG monitoring with video from January
2004 to February 2008. Patients with evident partial seizures with
ictal impairment of consciousness during monitoring were
included (40 patients). Two subjects were excluded due to
technical problems. Thirty-four patients used more than one
antiepileptic drug, and drug tapering was performed in 20 patients
in order to induce seizures. Twelve patients had symptomatic
epilepsy, four patients had autosomal dominant nocturnal frontalvier Ltd. All rights reserved.
Fig. 1. Seizure-related heart rates. *p<0.016.
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If more than one seizure occurred during registration, the ﬁrst was
used for classiﬁcation and analysis. Seizures were classiﬁed as
complex partial seizures (CPS); n = 27) or secondarily generalizedTable 1
Patient characteristics.
Gender Age (years) Epilepsy duration (years) Lateralisation L
Seizure type
Complex partial (n=27)
aFemale 52 20 Left F
Female 57 20 Right T
aFemale 33 10–20 Right T
Female 51 20 Right T
Female 13 10–20 No M
Female 19 10–20 No F
aFemale 38 20 Right T
aMale 27 20 Left F
aMale 54 10–20 No F
aMale 19 5–10 Right T
aMale 37 20 Right T
aFemale 33 10–20 Right F
Female 30 20 No F
aMale 20 10–20 Right T
Female 21 5–10 Right T
Female 28 20 No F
Female 9 5–10 Left T
aFemale 33 5–10 No T
aFemale 45 20 Left T
aFemale 24 10–20 No F
Female 24 10–20 Left T
Male 50 20 No F
Female 33 20 Right F
aMale 21 5–10 Left F
aFemale 22 5–10 Right T
aFemale 44 20 Right F
aFemale 28 10–20 Left T
Secondarily generalized (n=11)
Female 23 10–20 No F
aFemale 68 20 Right T
Male 33 20 Right T
Male 24 20 Right T
aFemale 41 20 Right P
Male 47 20 Right T
Female 39 20 Left T
aFemale 21 5–10 Left T
Male 40 <5 Left T
Female 29 20 Left F
aFemale 36 10–20 Right T
a Habitual simple partial seizure onset (auras).
b Ictal heart rate was not possible to obtain due to artefacts.tonic–clonic seizures (SGTC; n = 11). Seizure onset was deﬁned as
either (1) start of clinical seizure symptoms (as recorded by the
patient) or signs (observed by video), usually associated with a
deﬁnite change in background EEG activity amplitude and/or
frequency (often with associated EMG-activity) or (2) onset of an
electrographic seizure pattern.8 Seizure offset was deﬁned as the
end of the video-encephalographic clinical seizure. Patients had a
seizure pattern and/or ictal/post-ictal slowing suggesting that
seizures originated from the frontal lobes (14), temporal lobes (22),
parietal lobes (1), or were multifocal (1). Distinct laterality of
seizure onset could be determined in only 29 patients (left: 11/
right: 18). The study group consisted of 27 women and 11 men,
mean (SD) age 33 (13) years, with ﬁrst seizure at average 12 (10)
years with no difference in age between men and women
(t(36) = 1.36, p = 0.36). In the 12 patients with symptomatic
epilepsies, nine had focal parenchymal brainMRI abnormalities, all
corresponding to the localization of seizure onset. Inter-ictal
epileptiform abnormalities were present in 30 patients with a
localization corresponding to the seizure origin in 21. Patient
characteristics are presented in Table 1.
Sixty-eight percent of subjects had seizures once a week or
more (CPS/SGTC: 70/64%); 29% had seizures more than monthly
but less than weekly (CPS/SGTC: 30/27%) and three percent (one
subject) had seizures more than once a year but less than monthlyocalization Syndrome Seizure frequency Heart rate
Pre-ictall Ictal
rontal Idiopatic >1 per month 66 109
emporal Cryptogenic >1 per week 81 104
emporal Symptomatic >1 per week 69 82
emporal Cryptogenic >1 per month 51 153
ultifocal Symptomatic >1 per week 121 162
rontal Cryptogenic >1 per week 59 104
emporal Cryptogenic >1 per week 60 60
rontal Symptomatic >1 per week 60 144
rontal Cryptogenic >1 per week 54 89
emporal Cryptogenic >1 per month 51 110
emporal Symptomatic >1 per month 102 103
rontal Symptomatic >1 per month 62 99
rontal Idiopatic >1 per week 68 95
emporal Cryptogenic >1 per month 68 79
emporal Symptomatic >1 per week 63 65
rontal Idiopatic >1 per week 50 65
emporal Symptomatic >1 per week 68 98
emporal Cryptogenic >1 per month 85 138
emporal Cryptogenic >1 per week 86 91
rontal Cryptogenic >1 per week 74 91
emporal Cryptogenic >1 per week 92 b
rontal Idiopatic >1 per week 64 59
rontal Cryptogenic >1 per week 64 114
rontal Cryptogenic >1 per week 70 b
emporal Cryptogenic >1 per month 67 112
rontal Symptomatic >1 per week 69 72
emporal Cryptogenic >1 per week 75 99
rontal Cryptogenic >1 per week 76 165
emporal Cryptogenic >1 per week 136 130
emporal Cryptogenic >1 per week 109 132
emporal Cryptogenic >1 per week 158 140
arietal Symptomatic >1 per week 96 132
emporal Cryptogenic 1-11 per year 52 103
emporal Symptomatic >1 per month 56 78
emporal Cryptogenic >1 per month 84 127
emporal Cryptogenic >1 per month 102 b
rontal Symptomatic >1 per week 77 169
emporal Symptomatic >1 per week 52 92
Table 2
Seizure-related heart rate.
Epoch Seizure types Test statisticsa
Complex partial
Mean (SD)a
Secondarily generalized
Mean (SD)
Inter-ictal (beats/min) 65.6 (8.6) 65.4 (4.6) F(1,9) =0.003, p=0.96
Pre-ictal (beats/min) 70.3 (15.9) 90.7 (34.3) F(1,36) =6.3, p=0.016
Ictal (beats/min) 99.9 (27.6) 126.9 (29.1) F(1,33) =6.7, p=0.015
Post-ictal (beats/min) 87.9 (26.3) 121.3 (24.3) F(1,34) =12.1, p=0.001
a One-way ANOVA.
Table 3
Seizure-related heart rate in frontal vs. temporal lobe seizures.
Epoch Seizure onset Test statisticsa
Frontal
Mean (SD)
Temporal
Mean (SD)
Inter-ictal (beats/min) 71.1 (3.5) 61.7 (6.5) F(1,9) =6.8, p=0.031
Pre-ictal (beats/min) 65.2 (7.8) 80.3 (27.9) F(1,35) =3.9, p=0.057
Ictal (beats/min) 105.7 (35.0) 104.9 (25.8) F(1,32) =0.007, p=0.93
Post-ictal (beats/min) 92.7 (27.3) 97.1 (30.4) F(1,33) =0.182, p=0.67
a One-way ANOVA.
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not different between groups (Pearson’s Chi-square test, x
(1) < 0.001, p = 0.98).
Simple partial seizure onset (aura) was a common phenomenon
in 20 patients (Table 1: CPS/SGTC: 76/44%). Seven patients (CPS/
SGTC: 18/19%) had seizures only during sleep and two patients
(both CPS) could not report the presence of habitual auras due to
cognitive deﬁcits. Aura symptoms and consciousness were not
systematically recorded during monitoring and hence only video-
encephalographic seizure onset could be accurately assessed in the
present study.
2.2. Data recording and analysis
Digital EEG (Nervus 3.0 with M40 ampliﬁer) was recorded with
a common reference at a sampling frequency of 256 Hz. Twenty-
one scalp electrodes were placed according to the 10/20
international system, although ear references were replaced by
anterior temporal electrodes T1 and T2. Eye movements were
recorded by horizontal (T1–T2) and vertical (Fp2-Right cheek)
bipolar channels. Single lead ECG was recorded (sampling
frequency 256 Hz, low-frequency ﬁlter 0.5 Hz, high-frequency
ﬁlter 70 Hz) with active electrodes across the upper part of the
chest and exported for further analysis. Heart rate was calculated
(Chart Pro; ADInstruments Pty Ltd) based on the 30 s with as little
artefacts as possible from the 2 min before seizure onset (pre-
ictally), during seizure, and from the 2 min after seizure offset, as
well as inter-ictally. Inter-ictal recordings were obtained from
periods during the same examinationwith the subjects in the same
state as during the start of the seizure (e.g. during sleep if seizure
started during sleep) at least 12 h after a seizure and at least 1 h
before a seizure. Each ECG signal was manually inspected for
artefacts and the RR interval detections were manually edited if
necessary. Ictal ECGwas disturbed by artifacts in one SGTC patient.
In two CPS patients with attack durations<30 s ictal ECG could not
be analysed. In ﬁve SGTC patients with early generalization the
ECG-analysis had to be performed later in the attacks (63–363 s
after onset).
All reported variables are distributed normally (One-Sample
Kolmogorov–Smirnov). One-way ANOVA was used for between-
groups comparison of heart rate. General linear models (multiple
univariate ANOVAs with pre-ictal heart rate as dependent variable
and seizure type as ﬁxed factor) were applied in order to test for
possible confounders by sequentially applying the variables:gender, age, use of carbamazepine, polytherapy, drug tapering,
duration of epilepsy, seizure frequency, lateralisation (left vs.
right), region of epileptic focus (frontal vs. temporal), or sleep/
awake state as random factors or covariates. Student’s t-test was
used for comparison age between men and women. Pearson’s Chi-
square test was used for comparison of seizure frequency and for
the occurrence of habitual aura between groups. Analysis was
performed using SPSS version 15. Two-sided p-values <0.05 are
reported as signiﬁcant.
3. Results
Heart rate increasedwithmore than 10 beats/min from the pre-
ictal to the ictal period in 74% of the patients (CPS 74%, GTC 73%;
see also Table 1).
Heart rate in the pre-ictal period was higher in patients with
SGTC compared to patients with CPS. Heart rate was also elevated
during and after generalized seizures, but not inter-ictally (Table 2
and Fig. 1).
No interaction with gender, age, use of carbamazepine,
polytherapy, drug tapering, duration of epilepsy, seizure fre-
quency, lateralisation (left vs. right), region of epileptic focus
(frontal vs. temporal), or sleep/awake status when seizure started
was found, and neither factors contributed signiﬁcantly when
added to the model. However, drug tapering contributed with a
trend when included as a random factor in the ANOVA model
(F(1,34) = 111.2, p = 0.060).
There was a trend towards increased frequency of habitual aura
in the patients with CPS compared to SGTC (Pearson Chi-
square = 3.7, p = 0.056). There was no difference in pre-ictal heart
rate when comparing patients with and without habitual auras
(F(1,28) = 0.60, p = 0.50; patients with seizures during sleep and
patients with cognitive deﬁcits excluded).
Moreover, subjects with frontal lobe seizures had higher inter-
ictal heart rate and a trend towards lower pre-ictal heart rate
compared to subjects with temporal lobe seizures (Table 3).
4. Discussion
We found increased pre-ictal heart rate in subjects with SGTC
compared to those with seizures which remained localized. Sinus
tachycardia during generalized seizures is not surprising, but a pre-
ictal difference between CPS and SGTC has to our knowledge not
been reported before. Furthermore, the ﬁndings indicate that
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manifest before seizure onset, particularly in SGTC, and notmerely
a secondary effect of convulsions. This is in line with experiments
performed half a century ago with pentylenetetrazol-induced
seizures in patients with temporal lobe epilepsy which demon-
strated that heart rate and skin resistance may change before
seizures are clinically or electroencephalographically evident.9
Later, Opherk et al.4 have reported higher heart rate during
seizures and more potentially serious ECG abnormalities in
patients with generalized seizures compared to patients with
partial seizures (with or without impairment of consciousness),
but did apparently not investigate the time period immediately
before seizure onset. Novak et al.10 investigated heart rate
variability using a method with high spectral time resolution
(time–frequencymapping) before, during and after partial seizures
in 12 patientswith temporal lobe epilepsy and found a reduction in
respiration-dependent heart rate variability (suggestive of para-
sympathetic withdrawal) starting approximately 30 s before the
seizure was evident in the EEG. In contrast to these and the present
ﬁndings, Delamont et al.11 found elevated parasympathetic/vagal
activity in the pre-ictal period in 10 patients with secondarily
generalized partial epilepsy. However, they did not report the
heart rate explicitly, and due to methodological limitations (e.g. an
unequal number of seizures per patient were studied) it is difﬁcult
to compare the results directly with our study. However, the
percentage of patients with increase in heart exceeding 10 beats/
minwas similar in the present study and the study of Zijlmans et al,
although the compared periods were somewhat differently
deﬁned.12
The immediate and intuitive explanation for the increased pre-
ictal heart rate is that the seizure activity involves central
autonomic regions (e.g. insula, amygdala, hypothalamus) before
the seizure is evident. Accordingly, increased heart rate before the
emergence of EEG changes appears to bemore common in seizures
arising in the mesial temporal lobe compared to the lateral13,14 or
in extratemporal seizures.15 However, one study reports that pre-
ictal heart rate changes are more frequent in lateral than in mesial
temporal lobe seizures.16 We could not assess the effects of
different seizure onset localization within the temporal lobe in the
present study, but frontal vs. temporal lobe onset did not inﬂuence
the main ﬁnding. However, the number of generalized frontal lobe
seizures in this study was small. Our study contrasts the ﬁnding of
the two abovementioned studies from Vienna reporting no
signiﬁcant difference between CPS and SGTC regarding pre-ictal
heart rate changes.15,16
One may point out that increased heart rate pre-ictally may be
related to aura symptoms. Regrettably, accurate identiﬁcation of
auras in the form of simple partial onset without objective ictal
signs could not be obtained during the present monitoring.
However, we found a trend towards less habitual auras for SGTC
patients compared to CPS patients. This ﬁnding makes it less likely
that aura symptoms explain the increased pre-ictal HR for SGTC
patients.
Whether or not secondary generalization may occur in a partial
seizure may be dependent on various pre-ictal factors. For
example, motor cortical excitability as measured with transcranial
magnetic stimulation, is reported to be increased pre-ictally
contralateral to the epileptic foci in SGTC, but not in partial
seizures without generalization.17 It can be hypothezised that
increased heart rate prior to generalization is a sign of a more
widespread limbic or brain stem neuronal process which increases
heart rate and also increases the neuronal excitability in the area
and networks around the primary epileptic focus. Brain stem
noradrenergic neurons are known to modulate the excitability of
spinal motoneurons18 and one may speculate whether similar
mechanisms exist for cortical neurons. On the contrary, mostanimal studies indicate that the noradrenergic system has an
anticonvulsive effect.19,20 For example, one animal study indicates
that the noradrenergic ﬁbres from locus coerulus are necessary for
the anticonvulsive effect of vagus nerve stimulation.21 It is
accordingly more probable that increased pre-ictal heart rate
reﬂects a ‘‘top-down’’ process. Patients with primarily more
instability and activation in cortical networks surrounding the
seizure onset zone, which probably involve limbic areas, will
simultaneously increase sympathetic tone and increase the risk for
generalization of the seizure.
The present ﬁndings may be of relevance for the understanding
of SUDEP, but apart from seizure generalization there was no
signiﬁcant interactionwith various known risk factors.2,3 The trend
towards more elevated pre-ictal heart rate in patients undergoing
drug tapering is interesting, as non-adherence to treatment is
among the risk factors. It is known that abrupt antiepileptic drug
withdrawal can be associated with increased sympathetic tone
during sleep and the occurrence of cardiac arrhythmias.22,23
Reducing sympathetic or increasing vagal activity may possibly be
a rational approach for preventing SUDEP. The potential of beta-
blockers has been discussed by Nei et al. who reported higher heart
rate during generalized seizures among patients who later died of
SUDEP.24 Information from measurements of sympathovagal
activity (e.g. heart rate) may also prove to be useful for the
development of seizure prediction algorithms,25,26 particularly to
predict generalization.
The study has some limitations. The short pre-ictal epoch did
not allow appropriate standardized heart rate variability analysis.
Furthermore, the ECG should ideally be sampledwith standardized
12-lead setup in order to study changes related to sympathovagal
modulation of e.g. QT-interval changes before, during and after
seizures.27 The ﬁndings should be replicated in independent
samples, preferably with paired design comparing CPS with SGTC
in the same subjects. Furthermore, extended ECG recordings in a
larger number of patients could possibly give more clues as to
whether pre-ictal autonomic changes are associated with pro-
dromes or seizure triggeringmechanisms, or if they represent early
ictal autonomic activation. Nevertheless, our study suggests that
autonomic changes prior to ictal onset are more pronounced in
seizures which become secondarily generalized compared to
seizures which remain localized.
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